Introduction
The resurgence of interest in the biodiversity of harmful benthic dinoflagellates, most notably the ciguatera-associated genus Gambierdiscus (Fraga et al., 2011; Nishimura et al., 2013; Tester et al., 2013) has been facilitated by recent advances in taxonomy (Litaker et al., 2009 ) and molecular detection and quantification methods (Murray et al., 2009; Penna et al., 2010; Nagahama et al., 2011; Perini et al., 2011; Accoroni et al., 2012; Pfannkuchen et al., 2012; Vandersea et al., 2012) . However, before the full potential of molecular assays can be utilized, especially species-specific quantitative polymerase chain reaction assays (qPCR), problems inherent to sampling benthic harmful algal bloom (BHAB) dinoflagellates need to be addressed (GEOHAB, 2012) . As a group, BHAB dinoflagellate species co-occur globally in shallow, tropical and subtropical environments where they are typically associated with benthic substrates. The most common substrates colonized by BHAB dinoflagellates include macroalgae, algal turf, seagrasses, This study compared two collection methods for Gambierdiscus and other benthic harmful algal bloom (BHAB) dinoflagellates, an artificial substrate method and the traditional macrophyte substrate method. Specifically, we report the results of a series of field experiments in tropical environments designed to address the correlation of benthic dinoflagellate abundance on artificial substrate and those on adjacent macrophytes. The data indicated abundance of BHAB dinoflagellates associated with new, artificial substrate was directly related to the overall abundance of BHAB cells on macrophytes in the surrounding environment. There was no difference in sample variability among the natural and artificial substrates. BHAB dinoflagellate abundance on artificial substrates reached equilibrium with the surrounding population within 24 h. Calculating cell abundance normalized to surface area of artificial substrate, rather than to the wet weight of macrophytes, eliminates complications related to the mass of different macrophyte species, problems of macrophyte preference by BHAB dinoflagellates and allows data to be compared across studies. The protocols outlined in this study are the first steps to a standardized sampling method for BHAB dinoflagellates that can support a cell-based monitoring program for ciguatera fish poisoning. While this study is primarily concerned with the ciguatera-associated genus Gambierdiscus, we also include data on the abundance of benthic Prorocentrum and Ostreopsis cells.
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coral rubble, rocks and sediments (Bomber and Aikman, 1989; Aligizaki et al., 2009; Cohu et al., 2011) . The abundance of BHAB dinoflagellates is most commonly quantified by collection of macrophytes, which are shaken in ambient seawater to suspend the attached cells. The BHAB dinoflagellate cells are then concentrated and enumerated using standard microscopy methods (Litaker et al., 2010 and references therein) . BHAB dinoflagellate abundances are generally expressed as cells g À1 wet weight (=fresh weight) of macrophyte (e.g., Yasumoto et al., 1979; Chinain et al., 1999; Mangialajo et al., 2011) . However, colonized substrates often possess complex morphologies with a wide range of surface area to mass ratios, making comparison of BHAB dinoflagellate cell abundances among different substrates problematic. The advantages of normalizing cell abundance to algal surface area (cells cm À2 ) rather than algal mass (cells g À1 wet weight) was identified by Bomber et al. (1985) and Lobel et al. (1988) , although methods for measuring algal surface areas are difficult and often impractical. Other problems inherent to the macrophyte method include inconsistent distribution of macroalgae in time and space, scarcity or lack of the targeted macroalgal species among different environments, unequal dinoflagellate abundances among different macrophytes and discontinuous or patchy distribution of BHAB dinoflagellate cells. This variability means that a relatively large number of replicate samples may be required for a statistically robust measure of cell abundance (Lobel et al., 1988) .
As an alternative to macrophytes, some researchers have used artificial substrates to assess BHAB dinoflagellate abundance. Caire et al. (1985) employed fabric strips suspended in the water column to monitor the Gambierdiscus population at an atoll in French Polynesia. Similarly, artificial materials (test tube brushes, plastic plates) have been used to compare the abundance of Prorocentrum lima on substrates with different surface areas in the Florida Keys, USA (see Bomber and Aikman, 1989) . Kibler et al. (2010) , Tester et al. (2010) and Tan et al. (2013) used measured pieces of fiberglass screen and Ishikawa et al. (2011) deployed fabric tubes (cotton 65%, synthetic 35%) as substrates to collect BHAB dinoflagellate cells in other tropical and subtropical ecosystems.
Artificial substrates offer numerous advantages over macrophytes. The most important advantage is that dinoflagellate cell abundances can be more easily normalized to a known surface area (cells cm À2 , cells 100 cm À2 ) for comparison among studies. Artificial substrates can be readily deployed across multiple spatial and temporal scales in any environment independent of the availability of macroalgae or other natural substrates. They can be easily randomized, allowing the design of statistically rigorous field studies. Significantly, artificial substrates also eliminate dinoflagellate-macroalgae preference effects, grazing by fish or other fauna and algal palatability considerations (see Cruz-Rivera and Villareal, 2006) . Another advantage of samples collected from artificial substrate is that the samples tend to be cleaner than those from natural substrates with fewer contaminating biota or particulates. This is likely a consequence of the short incubation time. A disadvantage of the artificial substrate method is that each sampling site must be visited twice, once to deploy the substrates and again to retrieve them.
In this study we compare two collection methods for measuring BHAB dinoflagellate abundances, an artificial substrate method and the traditional macrophyte method. The objective was to develop a widely applicable, statistically robust sampling method whereby cell abundances can be normalized across different studies. While this effort was primarily concerned with quantifying Gambierdiscus abundance as a cell-based monitoring protocol for ciguatera fish poisoning (CFP), we also report data on the abundance of benthic Ostreopsis and Prorocentrum cells.
Development of a universally adopted, fully validated sampling protocol will help resolve long-standing questions such as the potential environmental triggers for species-specific bloom formation, species toxicity, seasonality of abundance and environmental risks of BHAB events.
Methods

Sample sites
The feasibility of using artificial substrate (fiberglass screen) for quantifying the abundance of benthic dinoflagellates was tested in a range of tropical marine coastal environments in the Caribbean (Belize, Central America) as well as in the Indo-Pacific (Malaysia). Screen and comparative macrophyte (algae and seagrass) samples were collected in an array of habitats from the central lagoon system of Belize, Central America near Carrie Bow Cay (16.80258 N, 88 .08208 W) during May of 2009 and January of 2012 (Fig. 1A) . This portion of the Belizean central lagoon is the type locale for a number of BHAB Gambierdiscus, Ostreopsis and Prorocentrum species (Faust, 1993 (Faust, , 1994 (Faust, , 1999 Faust and Morton, 1995; Faust et al., 2008; Litaker et al., 2009) Fig. 1B ). Habitats sampled included protected mangrove embayments, island fringe environments, lagoonal patch reefs, seagrass beds, coral fore and back reef sites, as well as rocky hard bottom areas (Tables 1 and 2 ). Screen and macrophyte samples were collected from 0.2 to 20 m in relatively pristine environments as well as those heavily impacted by humans.
Screen sampling method
In order to test the screen method for characterizing BHAB dinoflagellate abundance, this study was designed to address four main topics: (1) How long does it take for BHAB cells on the artificial substrate to achieve equilibrium with the surrounding cell abundances? (i.e., incubation or soak time); (2) How does the size of the sampling screen (artificial substrate) affect cell abundance estimates?; (3) How well does the abundance of BHAB cells associated with screens correlate with cell abundances from macrophytes (natural substrate)?; and (4) How many replicate screens are needed to assess BHAB dinoflagellate abundances for monitoring purposes?
The artificial substrate used in this study consisted of pieces of black fiberglass screen (window screen) cut into rectangles measuring 10.2 cm Â 15.2 cm ( Fig. 2A) . Each screen was attached to monofilament fishing line and suspended in the water column within $20 cm of the seabed using a weight and small subsurface float (Fig. 2B) . The subsurface floats were used to limit the length of monofilament line and avoid disturbance to the screen. After placement, the screens were allowed to incubate for a defined period of time before being retrieved. For retrieval, a 775 ml plastic wide-mouth jar filled with ambient seawater was positioned beside each screen before the screen was gently removed from the monofilament line and transferred to the jar (underwater) without being folded. The jar was then capped and returned to the laboratory for processing.
Screen surface area
Screen surface area (A Scr ) was estimated using the surface area and number of fiberglass filaments in the X and Y directions Source: Maps adapted from Google Earth Pro (v 7.0.3.8542, Google, Inc. 2013). filaments in the X (N X = 60) and Y (N Y = 107) dimensions (Fig. 3) . The expression N X N Y 16r 2 represents surface area of intersecting filaments as estimated by Weisstein (2013) . The surface area of each filament in the X and Y directions were calculated as the area of a cylinder (A X = 2prL X , A Y = 2prL Y ), where r represents filament radius (mean = 13 mm) and L X , L Y correspond to filament lengths in respective directions. Using this method, the surface area of each 10.2 cm Â 15.2 cm screen equaled 166 cm 2 .
Macrophyte sampling method
BHAB dinoflagellates were collected from macroalgae and a small number of seagrass samples. Although the macroalgae varied from location to location, the most common genera collected included various phaeophytes (Dictyota spp. J. V. Lamouroux and Padina spp. Adanson), rhodophytes (Amphiroa sp. J. V. Lamouroux, Acanthophora sp. J. V. Lamouroux, Laurencia sp. J. V. Lamouroux) and chlorophytes (Caulerpa sp. J. V. Lamouroux) (Guiry and Guiry, 2012) . Macroalgae were not identified to species. Seagrass samples were collected from beds of Thalassia testudinum Banks et Kö nig. Individual macrophyte samples were placed in 775 ml plastic jars with ambient seawater. For small macroalgal specimens, the entire thallus was collected without the holdfast. For larger specimens, a section of the thallus sufficient to fill approximately one third of the jar was pinched off and gently placed into the sample jar. Seagrass samples were similarly collected using scissors to gently remove enough material to fill approximately one quarter of the sampling container.
Sample processing
Approximately 20% of the seawater in each sample jar was poured through a 300-500 mm sieve into a one liter graduated cylinder. The jar was closed and shaken vigorously for 5-10 s to dislodge dinoflagellates attached to the substrate (artificial or macrophyte). The remaining homogenate was then poured through the sieve into the cylinder and the total volume was recorded. Sieving was used to remove coarse sediment, detritus and other large materials from the sample. Macrophyte specimens were set aside for weight determination; the sampling screens were discarded. New screens were used for each experiment. Preliminary experiments using microscopy showed that a negligible number of dinoflagellate cells remained attached to the screens after shaking. The sieved seawater sample was re-homogenized and 50-775 ml were gravity filtered through a 25 mm diameter piece of 20 mm pore size nylon mesh to collect the BHAB dinoflagellate cells. If gravity was insufficient to filter the entire aliquot through the mesh, a hand vacuum pump was used to gently filter the remainder of the sample (<5 cm Hg). Any particulate materials remaining in the graduated cylinder were rinsed onto the mesh with filtered seawater. The piece of nylon mesh was then transferred to a 15 ml screw-cap tube containing 5-10 ml of GF/ F (Whatman 1 , Piscataway, NJ, USA) filtered seawater and the sample was preserved with 1-2 drops of neutral Lugol's iodine solution or 1% glutaraldehyde (Throndsen, 1995) .
The cell abundances of Gambierdiscus, Ostreopsis and Prorocentrum in each screen or macrophyte sample were determined using microscopy. Specifically, each preserved sample was shaken to suspend BHAB dinoflagellate cells and an aliquot was transferred to one well of a 6-well plate containing 2-3 ml of GF/F filtered seawater. The nylon mesh was discarded. The sample was allowed to settle for 12-24 h and cell abundance was determined by inverted light microscopy (Utermö hl, 1958) . Between two and four aliquots were counted from each sample. For screen samples, BHAB dinoflagellate concentrations were expressed as cells 100 cm À2 , calculated using the average abundance of cells in each sample, the surface area of each screen (166 cm 2 ) and an appropriate volumetric conversion factor. For macrophyte samples, BHAB dinoflagellate concentrations were determined using a similar method, except concentrations were normalized to the wet weight of the macrophyte specimen and expressed as cells g À1 of algae or seagrass.
Incubation time experiment
To assess the recruitment of benthic dinoflagellate cells to the artificial substrate, an experiment testing different incubation times was conducted at Carrie Bow Cay, Belize (CBC) during 19-21 January 2012. A group of six screens was moored as described above at a shallow back reef site characterized by a mixed coral, seagrass and macroalgae assemblage. One screen was collected at 6, 12, 18, 24, 36 and 48 h and abundances of Gambierdiscus, Ostreopsis and Prorocentrum cells were determined as described above (cells 100 cm À2 ).
Screen size experiment
In order to examine the effect of screen size on recruitment of BHAB dinoflagellate cells, an experiment was conducted in the shallow back reef environment at CBC during 21-22 January 2012. Two different sized screens, 166 cm 2 (n = 3) and 257 cm 2 (n = 3),
were incubated for 24 h and Gambierdiscus, Ostreopsis and Prorocentrum abundances were quantified as detailed above (cells 100 cm À2 ). A student's t-test was used to assess normally distributed data for significant differences in recruitment of BHAB dinoflagellates between the two sized screens (Sokal and Rohlf, 1995) . A Mann-Whitney rank sum test was used to assess nonnormally distributed data (Zar, 1996) .
Screen vs. macrophyte experiments
To directly compare dinoflagellate cell abundances on artificial and natural substrates over a range of different environments (designated as screen vs. macrophyte sites, SM), replicate screen and macrophyte samples were collected in different habitats. In the first set of experiments, samples were collected from seven sites in Belize in May 2009 (Table 1A) . At each site, 6-9 individual screens were placed haphazardly at locations within a 2-3 m circular area of a macrophyte bed. After the screens were deployed for 24 h, each was collected and a similar number of macrophyte samples were taken within the same area. The same method was used for SM experiments in the shallow back reef area surrounding Carrie Bow Cay, Belize in January 2012. The only difference was that sample size was limited to three screens and three macrophyte samples (Table 1B) .
To improve randomization of individual screen and macrophyte samples, a more rigorous sampling protocol was tested at six sites at Pulau Sibu and Pulau Tinggi, Malaysia in May of 2012 (Table 1C) . For this method, the centers of pre-selected, monospecific algal beds (Padina sp., Dictyota sp.) were used as reference points for placement of six replicate screens. A circular grid with two concentric rings at approximately 0.5 and 1 m from the center of each bed was utilized to determine the placement of each screen using a random number generator (Fig. 2C) . After 24 h, screens were collected. Replicate algae samples were then selected randomly from six other locations on the same sampling grid. Processing of screen and algae samples and counting of BHAB dinoflagellates were completed as described above. The relationship between mean screen and macrophyte abundances was then analyzed using linear regression analysis of log-transformed data (base 10). A value of one was added to all abundances prior to analysis to allow logarithmic transformations.
The variability among replicate samples of BHAB dinoflagellates associated with artificial and natural substrates was compared using the coefficient of variation (CV). This comparison was accomplished using the D'AD test developed by Feltz and Miller (1996) and Miller (1991) , which compares the CV of each group (screens, macrophytes) to the CV of the pooled population using a x 2 distribution. Because the D'AD test assumes data are normally distributed, and both Gambierdiscus and Ostreopsis abundances deviated from normality (Shapiro-Wilk test, p < 0.05), SM abundance data for these two genera were first square root transformed prior to CV analysis. Despite persistent deviations from normality in one group (Gambierdiscus abundance on macrophytes), the D'AD test was applied because it is robust for non-normal data (Feltz and Miller, 1996) .
Sample size experiments
To estimate the number of replicate screens necessary to assess BHAB abundances in a range of environments, a series of sample size (SS) experiments was conducted using replicate screens at 12 sites in Belize during May 2009 (Table 2) . It is a premise common to most ecological sampling that the mean of all replicate samples at each site yields the best estimate of abundance. However, since logistical factors and manpower limitations often constrain the number of samples that can be collected in monitoring programs, it is desirable to utilize the fewest number of screens possible. Based upon results of previous sampling efforts conducted in the Caribbean region as well as a review of the BHAB literature, the coefficient of variation (CV) was used as a criterion to define an acceptable degree of variability among replicate samples. Specifically, a CV threshold of 100% (N 100 ) was selected as a reference value to delineate variability around the sample mean. Comparative data from the literature are rare, either because samples were not replicated or the replicate values were not reported. However, there are a few BHAB studies where it is possible to address variability among replicates, albeit on natural substrates. For instance, Carlson (1984) reported CVs of 86-170% for Gambierdiscus, 89-200% for Ostreopsis and 64-253% for Prorocentrum abundances on macroalgae from sites in the US and British Virgin Islands. Similarly, Ballantine et al. (1988) and Yasumoto et al. (1979 Yasumoto et al. ( , 1980 reported CVs of 29% to >200% for BHAB cell abundances among macrophytes collected at sites in Puerto Rico and the Pacific, respectively. More recent data from the Mediterranean Sea and the Indo-Pacific demonstrated BHAB abundances with similar levels of variability (Marasigan et al., 2001; Aligizaki et al., 2009; Shears and Ross, 2009; Cohu et al., 2011) . Given the relatively large degree of sample variability encountered in this and other studies, our decision to use a CV of 100% represents a relatively rigorous level of precision.
For the SS study, nine replicate screens were attached to a 0.25 m 2 quadrat made of plastic plumbing pipe and incubated at each sampling site for 24 h before screens were collected and processed as above. For 10 of the 12 sites all nine screens were collected successfully, but at the other two sites screens were lost during incubation (n = 8 at SS4, n = 7 at SS6, Table 6 ). Because the average abundance of BHAB dinoflagellates calculated at each site depended not only on the number of replicate screens, but also on which replicates were used, all possible unique combinations of replicate abundances of Gambierdiscus, Ostreopsis and Prorocentrum cells were compiled using MATLAB (R2013a, The Mathworks, Inc. Natick, MA, USA) for sample sizes between n = 2 and n = 9. Once all combinatorial data sets were generated, the means (x, cells 100 cm À2 ) and CVs (%) were calculated for each sample size. The result was an array of average cell abundances at each site, most of which were characterized by a gradual reduction in the CV as the sample size increased. The sample size necessary to achieve a CV of 100%, N 100 , was then determined graphically for Gambierdiscus, Ostreopsis and Prorocentrum by plotting sample size vs. CV for n = 2, 3, . . ., n. Sites where the CV did not decline below the reference level of 100%, would require sample sizes >9 to accurately estimate cell abundances. This situation primarily arose when cell abundances were very low (<20 cells 100 cm À2 ), when BHAB cells were lacking on some replicate screens (i.e., 0 cells 100 cm À2 ) or when both conditions occurred. In order to determine the number of macrophyte samples needed to characterize BHAB abundance, the sample size analysis procedure was repeated using replicate macrophyte samples from the screens vs. macrophyte experiments (see above). The small sample size (n = 3) at the SM sites in Belize during 2012 precluded calculation of N 100 .
Data analysis
Most of the data analyses and all of the graphical visualizations were completed using functions incorporated in SigmaPlot software (v. 11.0, Systat Software, Inc., San Jose, CA, USA). Significant differences among groups (screen size experiment, Section 2.7) were assessed using Student's t tests (normal data) or Mann-Whitney rank sum tests (non-normal data) after normality and equality of variances were verified using the assumption checking functions of SigmaPlot software. Normality of data was addressed using a Shapiro-Wilk test and equality of variances was addressed using a constant variance test based on a Spearman rank correlation. Linear regression analyses (screen vs. macrophyte experiments, Section 2.8) were completed following similar procedures. Statistical testing for CV comparisons among screen and macrophyte data and sample size experiments are described in Sections 2.8 and 2.9.
Results
Incubation time and screen size
The incubation time experiment conducted in Belize in January 2012 demonstrated the abundance of benthic dinoflagellates reached a plateau when screens were incubated for one full day. Gambierdiscus, Ostreopsis and Prorocentrum cells began associating with the screens within 6 h of being deployed. After the first 12 h, cell concentrations had increased 2-10-fold relative to the 6 h sample (Fig. 4) . Screen-associated dinoflagellate populations continued to increase until 24 h, when Gambierdiscus, Ostreopsis and Prorocentrum cell abundances reached 211, 238 and 1597 cells 100 cm À2 , respectively. The much higher Prorocentrum abundances, compared to the other two genera, reflected the greater population of this genus at the sampling site during the experiment. Between 24 and 48 h, there was little change in Gambierdiscus or Prorocentrum abundances, whereas Ostreopsis abundance declined slightly (Fig. 4) (Fig. 5) . The lower mean abundance of Prorocentrum associated with the larger screen (868 cells 100 cm
À2
) was attributed to a single replicate with substantially fewer cells (607 cells 100 cm À2 ). Because the abundance data for Ostreopsis and Prorocentrum were not normally distributed, Mann-Whitney rank sum tests were used to test for differences among the two screen sizes, where T represents the Mann-Whitney test statistic. Test results indicated the number of cells recruited to the different screens were not significantly different for Ostreopsis (T = 11.0, p = 1.0) or Prorocentrum (T = 14.0, p = 0.20).
BHAB abundance on screens vs. macrophytes
The results of the screen vs. (Fig. 6I and Table 5 ). Comparison of average dinoflagellate BHAB abundances showed cells associated with screens paralleled those on macrophytes at most sites. This was most apparent for the 2009 data from Belize where the sites with the highest abundances on screens were generally the same as those with the highest abundances on macrophytes (Fig. 6) . For example, sites SM3, SM6 Table 5) .
A number of screen and macrophyte samples contained zero Gambierdiscus cells. The frequency of zeroes was highest at sites with low overall dinoflagellate abundances, such as site SM14, where four of six macrophyte samples had zero Gambierdiscus cells (Fig. 6G) . Similarly, zero Ostreopsis cells were present in three of SM13  80  63  36  203  78  4  6  30  11  16  42  36  2  5  SM14  1268  407  770  1898  32  2  6  45  20  23  79  44  2  6  SM15  768  460  349  1560  60  2  6  232  88  152  346  38  3  6  SM16  157  70  59  261  44  2  6  56  37  20  116  66  4  6  SM17  137  77  22  235  56  3  6  39  12  27  59  31  2  6  SM18  359  194  141  603  54  2  5  33  7  21  42  23  2  6 five screen samples at site SM3. Ostreopsis cells were absent in all screen and macrophyte samples collected at site SM5 (Fig. 6B) . In contrast, Prorocentrum cells were present in every sample taken in this study. The results of the CV analyses indicated the variability among BHAB abundances on screens and macrophytes did not differ. Neither the means nor variances in BHAB abundance among screen and macrophyte samples could be equated because they were normalized to different quantities (cells 100 cm À2 vs. cells g À1 ). However, the CVs of the Gambierdiscus cell abundances from the two substrates were unit-less (CV ¼ std=x), and therefore directly comparable. The results of the D'AD test showed CVs for pooled Gambierdiscus (D'AD = 0.64, p > 0.05, n = 18), Ostreopsis (D'AD = 0.01, p > 0.05, n = 18) and Prorocentrum (D'AD = 1.43, p > 0.05, n = 18) abundances on screens were not significantly different than those on macrophytes.
Despite the wide range of BHAB cell abundances and high sample variability at some sites, regression analysis showed there was a positive, linear relationship between abundance of BHAB dinoflagellate cells on artificial and natural substrates. This relationship was most apparent during the Belize 2009 sampling period, when average Gambierdiscus abundance on screens was strongly related to cell abundance on macrophytes (G Mac , Fig. 7A , r 2 = 0.99, p < 0.001). Similar linear relationships were apparent for both Ostreopsis (Fig. 8A, Prorocentrum abundances on screens and macrophytes was not significant, largely due to relatively high cell abundances on screens compared to macrophytes at site SM9 (Figs. 6F and 9B, Table 5 ).
The weakest relationship among screen and macrophyte samples was evident during the 2012 sampling period in Malaysia where all BHAB cell abundances were relatively low (Fig. 6G-I ). Regression analysis showed neither Gambierdiscus, Ostreopsis nor Prorocentrum average abundances from screens were linearly related to those from macrophytes (Figs. 7C, 8C and 9C, p > 0.05). However, the screens vs. macrophyte relationships for both Gambierdiscus (p = 0.055) and Prorocentrum (p = 0.054) were just above the p = 0.05 threshold. A larger sample size would likely have resulted in a significant linear fit. It is possible that the relatively large regional tidal range at Malaysian sampling sites (1-3 m, Taira et al., 1996; Wan-Jean, 2005 ) played a role distributing BHAB cells among benthic substrates, thereby weakening the The robust linearity among the SM cell abundance data demonstrated that screens were an excellent substitute for macroalgae and seagrasses. This was true despite the samples having been collected from a variety of benthic habitats with different tidal regimes and over multiple years.
Required sample size
The sample size experiments demonstrated dinoflagellate BHAB abundance could be assessed adequately using fewer than nine replicate screens, provided cell abundances were sufficient and sample variability was not extreme. An example of the sample size analysis is given in Fig. 10 , which shows eight replicate measurements of Gambierdiscus abundance (96 AE 69 cells 100 cm
À2
) from screens placed at site SS4 in Belize during 5-6 May 2009. Mean Gambierdiscus abundance depended greatly upon the number of screens that were used. For instance, when only two screens were utilized, mean Gambierdiscus abundances calculated at this site ranged from 35 to 198 cells 100 cm
, contingent upon which two replicates were used (Fig. 10D) . Depending on the number of replicates used, either 3, 4, 5, 6 or 7, the range of means varied from 47 to 163, 53 to 140, 56 to 126, 62 to 117, and 77 to 107 cells 100 cm À2 , respectively. The possible CVs followed a similar pattern, ranging from 0 to 116% for two replicates, decreasing to 57-79% as sample size increased to seven and reaching 71% when all eight screens were included (Fig. 10G) . The range of CVs declined below the 100% reference level when at least five replicate screens were used (dashed line, Fig. 10G ). In other words, the analysis showed only five replicate screens were necessary at site SS4 to achieve an acceptable estimate of Gambierdiscus abundance (i.e., N 100 = 5). Because of the high abundance of Prorocentrum cells and relatively small sample variability among replicate screens, the sample size analysis showed as few as two screens were adequate to assess Prorocentrum abundance at SS4 (Fig. 10I) .
In contrast, the mean Ostreopsis abundance at SS4 was low (9 AE 12 cells 100 cm À2 ), representing a CV of 138% among the eight screens (Table 6 ). Furthermore, Ostreopsis cells were absent from five of the eight screens incubated at this site (Fig. 10B) . Although the range of possible mean abundances narrowed from 0 to 16 cells 100 cm À2 when n = 2 to 11-12 cells 100 cm À2 when n = 7 (Fig. 10E) , the range of possible CVs did not follow this pattern. Instead, CVs increased with sample size due to the extremely high variability among replicates, ranging from 0 to 141% at n = 2 to nearly 250% when n = 6 (Fig. 10H) . While CVs began to decline at n > 6, they did not decrease below 100%, precluding determination of N 100 . A similar pattern of increasing CVs with sample size occurred at other sites with multiple zero abundance values.
Overall, the sample size experiments indicated N 100 for Gambierdiscus and Ostreopsis varied substantially among sampling locations. For Gambierdiscus, the greatest sample variability occurred at sites SS2, SS3, SS6 and SS9 with CVs of 131-150% (Table 6 ). The CV vs. sample size plots indicated the sample size was too small to provide an estimate of N 100 at these sites (''n/a'' in Table 6 ). Aside from these four locations with high CVs, the N 100 for Gambierdiscus ranged between two (SS1, SS5, SS12) and nine (SS10) screens. For Ostreopsis, sites SS1, SS2, SS4 and SS6 exhibited such high CVs (125-212%) that N 100 could not be estimated. At each of these sites, there were no Ostreopsis cells present on the majority of the replicate screens. For the remainder of the sample sites N 100 ranged between two (SS3, SS5, SS12) and eight screens (SS7 , Table 6 ).
With the exception of site SS1, the sample size experiment showed that Prorocentrum abundances were sufficiently high (x ¼ 289À1751 cells 100 cm À2 ) and variability was sufficiently low (CV 17-64%) to allow estimation of N 100 at all sites. At sites SS2-SS12, N 100 ranged between two and three screens. Prorocentrum abundance on the replicate screens at site SS1 ranged between 1033 and 107,067 cells 100 cm À2 , yielding a CV of 128% (Table 6 ). This was the most extreme range of cell abundances among the three genera at a single site observed during this entire study.
In order to compare sample sizes among artificial and natural substrates, data from the SM experiments in Belize 2009 and Malaysia 2012 were re-analyzed using the same method of sample size analysis. During the 2009 sampling period in Belize, Gambierdiscus abundance was relatively high (sites SM3, SM4, SM6, SM7), CVs were 22-68% and N 100 was estimated to be 2-4 samples (Table 3) . A similar number of samples was necessary for macrophytes at these same sites (N 100 = 2-4, CVs 24-52%, Table 3 ). At sites with lower cell abundances and higher CVs, N 100 was equal to five screens (SM1, SM5). A notable outlier among the screens vs. macrophyte experiments was site SM2, where two separate beds of macroalgae were combined (Dictyota, Acanthophora, Table 1 ). Here, CVs were elevated in both screen (97%) and algae samples (205%). As a result, N 100 was estimated to be seven screens but the sample size was too small to estimate N 100 for the algae samples at this site (Table 3) . With relatively low cell abundances at all sites in Malaysia 2012, screens proved a more consistent substrate than macrophytes to assess Gambierdiscus populations. Although CVs among screen samples were low enough to estimate N 100 at sites SM14-SM18 (CVs 41-61%, N 100 = 2-4), the sample size for corresponding macrophyte samples could only be determined at SM15 and 17 due to higher variability at the remaining sites (CVs 120-208%, Table 3 ). Only at SM13 was the Gambierdiscus sample variability among screens too high (CV 102%) to allow N 100 to be estimated, though the CV was relatively low (49%) in the macrophyte samples from this site (N 100 = 2).
The SM results for Ostreopsis cells showed relatively low variability on both screens and macrophytes at sites SM4, SM6 and SM7 where only two to three replicate screen or macrophyte samples were needed to reduce CVs below the reference level of 100% (Table 4) . Variability was much higher at sites SM1 and SM3 (CVs 138-149%), preventing N 100 determination for either screen or macrophyte samples. The mixed algal bed at SM2 yielded a N 100 of seven screens, but variability was too high to allow sample size determination for the algal samples (CV 121%, Table 4 ). The sampling sites in Malaysia during 2012 showed CVs were <100% among both screens and macrophytes (23-78%), despite that only 5-6 replicate samples were collected. Sample size analysis demonstrated that between two and four samples of either substrate were sufficient to yield CVs < 100% (Table 4) .
Unlike either Gambierdiscus or Ostreopsis, the screens vs. macrophyte experimental results for Prorocentrum showed low variation among sites. Despite a wide range of abundances among screens (P Scr 211-9817 cells 100 cm À2 ) and macrophytes (P Mac 26-3063 cells g À1 ), CVs for both substrates were relatively low in samples from Belize 2009 (12-53%) and Malaysia 2012 (CVs 22-77%) ( Table 5) . As a result, N 100 was only two to three samples for screens and macrophytes from each location.
Discussion
This study demonstrated artificial substrate (fiberglass screen) performed as well as macrophytes for quantifying the abundance of BHAB dinoflagellates. Specifically, a series of parallel experiments using artificial substrate and macrophytes showed the abundance of BHAB dinoflagellates recruited to fiberglass screens over a 24 h period was directly related to the abundance of the same dinoflagellate taxa on macrophytes at the same locations. The strongest linearity between mean screen and macrophyte cell abundances for Gambierdiscus (r 2 = 0.99, Fig. 7A ), Ostreopsis Fig. 9D ). The linearity among screen and macrophyte abundance data was quite remarkable considering the BHAB samples were collected from a diverse array of habitats and a variety of macrophytes (Tables 1 and 2) . Interestingly, both the screen and macrophyte samples exhibited similar degrees of variability among replicate samples. When the CVs were compared among screens and macrophytes, there were no significant differences in variability among samples from the two substrates for Gambierdiscus, Ostreopsis, or Prorocentrum (D'AD test, p > 0.05). The linearity in cell abundances between screen and macrophyte samples indicate the factors governing dinoflagellate recruitment of BHAB cells to artificial and natural substrates are comparable.
The artificial substrate sampling method employed in this study was based on the recruitment of BHAB cells to clean, artificial surfaces. We hypothesized the number of cells recruited to the screens would be proportional to the overall number of BHAB cells in the environment. A survey of the literature revealed no consistent preference of Gambierdiscus species for particular macrophytes ). This conclusion was further supported in a recent laboratory study (Parsons et al., 2011) , which provided no evidence that Gambierdiscus cells exhibited a preference for a particular macroalgal species. Other laboratory experiments with Gambierdiscus have shown the association of cells with substrate surfaces is highly ephemeral and that emigration and immigration behaviors may be prompted by both physical and chemical cues (Nakahara et al., 1996) . Consistent with these observations, substantial numbers of BHAB dinoflagellates have been reported in the water column in addition to being associated with benthic substrates (Tindall and Morton, 1998; Vila et al., 2001; Gayoso et al., 2002; Levasseur et al., 2003; Faust et al., 2005; Faust, 2009; Totti et al., 2010; Cohu et al., 2011) . Much like the colonization of screens, the colonization of newly available coral substrate by opportunistic Gambierdiscus cells has been posited to foster blooms leading to CFP outbreaks (Bagnis, 1987; Bagnis et al., 1988; Kohler and Kohler, 1992) . In light of this, it seems likely that BHAB dinoflagellates associate with surfaces facultatively and their distribution among benthic substrates is highly transitory (Bomber, 1985; Bomber et al., 1988; Nakahara et al., 1996; Cruz-Rivera and Villareal, 2006; Totti et al., 2010) .
While this study champions the use of fiberglass screens as the artificial substrate of choice, it is likely that any new, clean surface may work as well. However, it is important that surface area can be measured accurately. Although surfaces like cotton strips, woven fabric or other complex three dimensional materials can collect BHAB dinoflagellates, their surface areas are not easily quantified. The length of time materials are incubated is another important consideration. In this study, an incubation time of 24 h was found to be ideal for BHAB abundance assessment because Gambierdiscus, Ostreopsis and Prorocentrum abundances reached equilibrium with BHAB cells in the surrounding environment within that time period. Data substantiating this equilibrium were obtained from an experiment conducted in the back reef environment at Carrie Bow Cay, Belize. Here, Gambierdiscus, Ostreopsis and Prorocentrum cells are typically present at a wide range of densities on macrophytes (0-1500, 0-1500, 100-3100 cells g À1 , respectively) and in the sediment (100-200, 100-400, 100-300 cells g À1 , respectively; Faust, 2009 ). This study further showed immigration of Gambierdiscus, Ostreopsis and Prorocentrum cells to newly introduced screens occurred within 6-12 h. After 24 h, cell densities reached a plateau of approximately 200, 205 and 1600 cells 100 cm À2 , respectively, and cell abundances remained relatively stable for (Fig. 4) . The consistent cell densities after 24 h were an indication that immigration and emigration rates had reached equilibrium. Longer incubation times increased the amount of contaminating material on each screen, making subsequent cell sorting and enumeration more difficult. Prior testing of the screen substrate demonstrated BHAB cells were almost completely supplanted by epiphytic diatoms and other debris after 48 h. Accordingly, the >4 month incubation times used by Caire et al. (1985, cloth strips) or the $1 month period used by Ellsworth et al. (2013, ceramic tiles) would not be appropriate for the screen sampling method.
It is important to note that stabilization of BHAB cell densities at 24 h (Fig. 4) was not due the complete utilization of available surface area on the screen for colonization by dinoflagellate cells. Rather, abundances on screens incubated for 24 h were proportional to ambient cell densities. Where ambient cell abundances were higher, the cell abundances on screens reflected this (Tables  3-5 ). For example, in the screens vs. macrophyte and sample size studies, the mean abundances of Gambierdiscus reached 35,086 cells 100 cm À2 (site SM3), Ostreopsis reached 8149 cells 100 cm
À2
(site SM6), and Prorocentrum reached 107,067 cells 100 cm À2 (site SS1). These abundances were 1-2 orders of magnitude greater than those observed in the incubation time study conducted at Carrie Bow Cay (Fig. 4) . This indicates the available surface area did not limit cell recruitment.
The data from the screen size experiment has shown areanormalized BHAB abundances were not affected appreciably by the size of the substrate (within the screen sizes tested). Larger (257 cm 2 ) and smaller screens (166 cm 2 ) yielded the same number of cells per 100 cm 2 . Although larger screens may be useful in environments with low BHAB cell abundances, overly large screens are not recommended because of the handling difficulties during sample collection. The screen size used in this study, 166 cm 2 , was operationally defined because it best fit into the wide mouth jars used to collect samples. Screens larger than the sample jar should not be used because this will necessitate folding or rolling the screen material, greatly increasing the likelihood that cells will be lost during collection. The use of rigid, wide-mouth sample jars is recommended instead of plastic bags, as the jars do not collapse or change shape during screen collection and leakage of samples after collection is prevented.
The variability of BHAB dinoflagellates observed in this study was consistent with previous work showing that benthic organisms exhibit inherently patchy distributions. Such small scale variability is the rule in benthic ecology. As a result, large numbers of samples may be necessary to estimate mean abundance with reasonable confidence intervals (Chutter, 1972; Yasumoto et al., 1979; Taylor and Gustavson, 1985; Barbiero et al., 2011; Mavrič et al., 2013) . Among Ostreopsis and Prorocentrum cells, sample variability may also be driven by the co-occurrence of species that ), minimum (Min), maximum (Max), coefficient of variation (CV, %) and sample size, n. ''n/a'' Indicates sample size insufficient to reach N 100 threshold.
Sitex cells 100 cm
À2
Std cells 100 cm
À2
Min
Max CV (%) N 100 n are primarily planktonic (e.g., Prorocentrum mexicanum, Prorocentrum micans, Prorocentrum panamensis; Grzebyk et al., 1998) , those that are predominantly benthic (e.g., Ostreopsis siamensis, Prorocentrum levis, Prorocentrum lima; Faust, 1993; Faust et al., 2008; Shears and Ross, 2009; Hoppenrath et al., 2013) , and those with overlapping distributions (e.g., Ostreopsis labens, Ostreopsis ovata, Prorocentrum rhathymum; Faust and Morton, 1995; Mangialajo et al., 2011; Pfannkuchen et al., 2012) . Sample variability may be further exacerbated by species that commonly occur in aggregates or clumps, such as O. ovata . Overall, our results showed 2-8 replicate screens were sufficient to assess BHAB cell abundance at most sites, even when CVs among screens approached 100% (Table 6) . However, when sample variability was high relative to the mean (CV > 100%), even nine screens were insufficient to assess mean abundance. This was most common when data were highly skewed due to a number of replicate screens with no cells (e.g., G Scr site SS3; O Mac site SS4; Table 6 ). In such cases more replicates may not improve the estimates of cell abundance. From a management perspective, however, it is not necessary to add more replicates when there are few target cells, simply to achieve precise estimates of cell abundance. The artificial substrate method described here has proven effective in a wide range of habitats, but the method may be optimized for the BHAB species of interest and the range of abundances encountered. For species present at moderate to high abundances, the method may be used as it is described here. In environments with very low cell abundance (<100 cells 100 cm À2 , <25 cells g À1 ) the number of cells that are counted in the resulting sample, even after concentration, may be too small to allow sufficient accuracy. However, modifications to the method described in this study to deal with such low abundances should be considered carefully. For instance, filtering a larger portion of the sample volume onto the filter mesh will increase the number of cells that are preserved for counting, especially if a larger diameter piece of filter mesh is utilized (e.g., 47 mm). Unfortunately, the larger volume also increases the amount of contaminating material (other cells, sediment, organic matter, etc.) in the resulting cell sample, making microscopy more difficult and potentially rendering the sample virtually uncountable. Another option is to incubate a larger piece of screen (e.g., 250-300 cm 2 ), thereby increasing the overall number of cells that are collected. However, the larger screen requires a larger sample jar in order to limit loss of cells from the screen and is more difficult to handle underwater (see above). A third option is to count a larger portion of the preserved cell sample, although this approach, too, increases the amount of contaminating material in the settled sample. Perhaps the best solution is to use a finer mesh sieve in preparation for filtering the sample onto the 20 mm mesh. The addition of this step may reduce the amount of contaminating material such that a larger aliquot may be settled for counting. As a result of this study, a pre-filtration step using a 150 mm sieve has been incorporated into our standardized sampling protocol. Considering the current limitations of toxin-based monitoring methods for BHABs (Lehane and Lewis, 2000; Litaker et al., 2010) , cell-based monitoring offers a relatively low cost alternative for assessing the risks of BHABs and mitigating their effects on humans and coastal environments (Tester et al., 2013) . The results of this study show the artificial substrate method is directly applicable for monitoring Gambierdiscus populations in ciguatera endemic areas. An extensive literature review by Litaker et al. (2010, Fig. 3 ) concluded that $1000-10,000 cells g À1 represents a level of concern for potential CFP events. Using the screens vs. macrophyte relationship from Fig. 7D , this abundance equates to 5000-53,000 cells 100 cm À2 using the screen method. Dense Ostreopsis blooms occur at concentrations >50,000 cells g 2012) so a reasonable threshold level of concern for Ostreopsis may be 10-fold fewer cells, or $5000 cells g À1 . Similarly, for Prorocentrum lima a threshold of $1000 cells g À1 may represent a level of concern for diarrheic shellfish poisoning (DSP) events (Foden et al., 2005; CEFAS, 2012) . Using our regression results, these abundances are equivalent to 20,000 and 3000 cells 100 cm À2 for Ostreopsis and Prorocentrum, respectively (Figs. 8D and 9D) .
The data presented here demonstrate the efficacy of the screen method for collecting BHAB dinoflagellates as a first step for cellbased monitoring. Because species may vary in toxicity, species level identification using sensitive qPCR analysis is the next step in a monitoring protocol. Subsequently species-specific toxicity information can be combined with the taxa and abundance data from molecular assays to provide a more refined risk assessment of the sampling location. Other advantages of artificial substrates over traditional macrophyte-based collection include: (1) a standardized unit of measurement (cells cm À2 or 100 cm À2 ) to normalize BHAB densities from studies conducted globally across a variety of habitats; (2) elimination of destructive macrophyte sampling; (3) cleaner samples to facilitate counting and molecular analysis; (4) elimination of difficulties associated with discontinuous distribution and/or availability of specific macrophytes; and (5) elimination of issues involving dinoflagellate-macroalgae preference or macrophyte grazing by fish and other fauna. The major disadvantage of the artificial substrate method is that it requires two trips to each sampling site, one to deploy the screens and the second to retrieve them. Because of the numerous advantages of the artificial substrate method over natural substrate collection, we advocate the screen sampling method as a tool for cell-based monitoring efforts to better predict and mitigate outbreaks of CFP, diarrheic shellfish poisoning and Ostreopsis-associated maladies in endemic areas.
